In this Letter, we investigate a method for controlling the intensity of a light by another light in a periodically poled MgO-doped lithium niobate (PPMgLN) crystal with a transverse applied external electric field. The power of the emergent light can be modulated by the power ratio of the incident ordinary and extraordinary beams. The light intensity control is experimentally demonstrated by the Mach-Zehnder interference configuration, and the results are in good agreement with the theoretical predictions.
With the development of high-speed optical communication technology, optical modulators, as important parts of an optical communication system, have begun to face the new challenges in recent years [1] . These challenges include how to meet the increasing requirements of communication technology, and how to expand the field of optical modulation, and have attracted advanced research attention. Many types of optical modulation techniques have been tried to realize the control of light via various structures, materials, and effects, such as double-layer graphene [2] , photoresponsive-liquid crystals [3] , silicon photonics [4, 5] , electro-optic polymers [6] , metal-oxide semiconductors [7] , Ti:LiNbO 3 crystals [8] , GaAs/GaAlAs quantum wells [9] [10] [11] , dye-sensitized nanocrystalline TiO 2 solar cells [12] , Mach-Zehnder interference [13, 14] , and electro-optic effects [15] [16] [17] . Generally speaking, optical modulation focuses on the manipulation of light's phase, intensity, amplitude, and group velocity, among which the intensity modulation is the most mature field. Optical intensity modulation is mainly based on optical effects, such as the electro-optic effect, the magneto-optical effect, and the acousto-optic effect. Recently, two widely used methods of optical intensity-modulation technology are the electro-absorption modulator [18] , and electro-optic modulation based on nonlinear optical crystals.
In our previous study, we demonstrated that the intensity modulation could be realized by rotating the linear polarization state through changing the external electric field [19] . In this Letter, we introduced a new method of optical intensity modulation by applying another control light based on the polarization-coupling (PC) cascading effect in an MgO-doped, periodically poled lithium niobate crystal (PPMgLN) [20] [21] [22] . In PC cascading, on the condition of the wavelengths disagreeing with the quasi-phase matching, energy oscillates between the two orthogonally polarized coupling beams. If we introduce a beam at one polarization, it is expected that it will the affect original energy oscillation and further realize the modulation of the light of the other polarization. We found that this energy transfer depends on the intensity of two input beams, which means the light intensity with a fixed linear polarization can be modulated by another light. It is interesting because this kind of light modulation can work in the weak-light region. In the PPMgLN, the optical axis of each domain is alternately aligned at the angles of þθ and −θ with respect to the plane of polarization by the transverse external dc electric field. The angle θ is called the azimuth angle and is proportional to the electric field intensity. During the PC cascading, an ordinary wave (OW) and an extraordinary wave (EW) are two orthogonally polarized lights. The relative azimuth angle between the dielectric axes of two adjacent domains is given by θ ≈ γ 51 E y ∕½ð1∕n e Þ 2 − ð1∕n o Þ 2 , where n o and n e are the refractive indices of the OW and EW, E y is the transverse dc electric field intensity, and γ 51 is the electro-optic coefficient. It is estimated that θ is very small, so that the periodic alternation of the azimuth can be considered as a periodic perturbation. So, the coupled-wave equations of OW and EW are given by the following [23] :
(1)
with (3) where A 1 and A 2 are the normalized amplitudes of the OW and EW, β 1 and β 2 are the corresponding wave vectors, Δβ is the wave-vector mismatch, Λ is the period of the PPMgLN, and G m is the mth reciprocal vector corresponding to Λ. The solutions of the coupled-wave Eqs. (1) and (2) are given by:
With s 2 ¼ κκ Ã þ ðΔβ∕2Þ 2 , δ 0 is the initial relative phase difference between the OW and EW. Considering the intensity of the input beams (A 1 (0) (OW) and A 2 (EW)) as I 1 and I 2 , respectively, Eqs. (4) and (5) can be written as
where
, is the input beams' power ratio. We can see that the both the OW and EW beams' amplitudes are determined by the input beams' power ratio. When the intensity of one beam is given, its output amplitude will be controlled only by the intensity of the other beam.
We consider a 40 mm-long PPMgLN without loss of generality. The wavelength of the input light is 632.8 nm, and the period of PPMgLN crystal is 21.1 μm, which almost meets the third-order quasi-phase-matching condition. The thickness of the PPMgLN is 0.5 mm and the width is 1 cm. Here the applied voltage is fixed at 3.3 kV, so the external electric field E y is fixed at 0.33 V∕μm. The transmission of the OW and EW as a function of the initial relative phase and power ratio is shown in Fig. 1 , with Figs. 1(a)-1(c) showing the EW and Figs. 1(d)-1(f) showing the OW with different mismatch conditions. The wave-vector mismatches are 100π for Figs. 1(a) and 1(d) , 40π for Figs. 1(b) and 1(e), and 26π for Figs. 1(c) and 1(f) . We can see that the transmission could be modulated almost from 0% to 100% by the initial relative phase and power ratio.
The schematic of the experimental setup is shown in Fig. 2 . The transmission as a function of the initial relative phase and power ratio is investigated by a scheme of Mach-Zehnder interference. The wavelength of the He-Ne laser used is 632.8 nm with a power of 6 mW. The period of the PPMgLN is 21.1 μm, and the external electric field E y is 0.33 V∕μm. At the temperature of 21.1°C, the vector mismatch is around 45π.
The light from the He-Ne laser was separated by a polarizing beam splitter (PBS) and became two orthogonally polarized beams, the OW and the EW. The intensity of one beam was changed by an attenuator. Therefore, the power ratio could be changed by rotating the attenuator. We utilized a PBS to choose the output light polarization and measured the emergent light power with a power meter. The high voltage is used to supply the transverse electric field. It is worth mentioning that the fixed transverse electric field was used to compel the relative azimuth angle rather than modulating the light. When we changed the incident extraordinary light power and fixed the incident ordinary light power, the incident light power ratio could be changed. Based on above, the polarization state of the light in the PPMgLN will be rotated by polarization coupling and the emergent ordinary light intensity would be changed. Similarly, we also changed the incident ordinary light power and fixed the incident extraordinary light power.
The experimental measurements of emergent light power in different conditions are shown in Fig. 3 . Figure 3(a) shows that the normalized emergent extraordinary light power is modulated by changing the input light power ratio via modulating the incident ordinary light power, and Fig. 3(b) shows the normalized emergent ordinary light power is modulated by changing the input light power ratio via modulating the incident extraordinary light power. Figures 3(c) and 3(d) are the relationship between the emergent light power ratio of the EW and OW and the incident light power ratio, respectively. Clearly, from Fig. 3 , we can see that when we change the power ratio of incident lights, the normalized emergent light power is modulated.
Then, we switched on and off one of the incident lights in order to clarify that the light intensity modulation was only because of the incident light power ratio instead of the birefringent crystal itself. From Fig. 4(a) , we can see that when the incident extraordinary light power was zero, no matter how much the incident ordinary light power changed, the variation of the emergent extraordinary light was very small. From Fig. 4(b) , similarly, we can see that when we switch off the incident ordinary light, changing the incident extraordinary light power has little influence on the emergent ordinary light. Thus, we can conclude that the variation of the emergent light intensity was only controlled by the incident light power ratio. The simulation results of the emergent light intensity as a function of the incident light power ratio are shown in Figs. 5(a) and 5(b). The emergent light power ratio of the EW and the OW changed by the incident light power ratio through the simulation are shown in , we find that the theoretical simulation and the experimental results of the emergent light power and incident light power ratio are almost the same. Even so, there is a discrepancy between the numerical value of the theoretical simulation and experimental results. First, an initial rotation angle exists in the PPMgLN structure, which may be caused by the strain-optical effect because of the process of the photovoltaic effect or polarization. Second, in the experiment, we used a pair of parallel copper plates to produce the external electric field, and the real transverse electric field intensity may be different from the theoretical numerical value.
We have clarified that the polarization coupling effect in a PPMgLN can lead to the intensity modulation of light by the incident light power ratio. Because the mechanism behind this is the energy transfer between the OW and EW, it can work in the weak-light region and be applied in all-optical devices. In order to verify the sensibility of the wavelength for the intensity modulation, we also calculated the wavelength bandwidth, which is 0.189 nm.
In conclusion, a method is demonstrated for light intensity modulation by light through PC cascading processes. We experimentally demonstrate that the relative power ratio of the incident beams can modulate intensity of light in a PPMgLN. These results have potential applications in future all-optical information processing and optical communications. 
